, the increase in motor unit muscle fibre densities (Stalberg et al., 1975) and anatomical territories (Erminio et al., 1959) are the electrophysiological signs of a relentlessly progressive denervation of the somatic musculature. Active reinnervation from surviving motor units is evident but inadequate to prevent the clinical and electrophysiological deterioration of the patient.
S U M M AR Y Thirty-two patients with motor neurone disease were investigated using quantitative electrophysiological techniques. Estimates of the number of surviving motor units in the extensor digitorum brevis muscle and measurements of the electrophysiological parameters of these units are presented along with the values for motor nerve conduction velocities. The results indicate that reinnervation in motor neurone disease is sufficient to compensate completely for the loss of up to 50% of the motor neurone pool supplying the muscle. The capacity for reinnervation is greater than we have found in a number of neuropathies but the efficiency of reinnervation decreases as the number of surviving motor units falls. Reinnervation appears to cease when 5% or less of the motor units remain viable. There is no electrophysiological evidence of a preferential loss of fast conducting axons, of pathological slowing of conduction nor of a dyingback process affecting the motor axon. Comparison of the electrophysiological parameters in progressive muscular atrophy and amyotrophic lateral sclerosis shows no significant differences. The underlying pathophysiological mechanisms are discussed in terms of the results.
The conventional electromyographic signs of motor neurone disease are well established. The abundance of high amplitude, long duration, polyphasic motor unit potentials, the reduction in maximum interference patterns, the spontaneous fibrillation and fasciculation potentials (Richardson and Barwick, 1974; Lenman and Ritchie, 1976) , the increase in motor unit muscle fibre densities (Stalberg et al., 1975) and anatomical territories (Erminio et al., 1959) are the electrophysiological signs of a relentlessly progressive denervation of the somatic musculature. Active reinnervation from surviving motor units is evident but inadequate to prevent the clinical and electrophysiological deterioration of the patient.
The electrophysiological literature provides copious qualitative but little quantitative information on the electrophysiological changes in motor neurone disease. The purpose of the present paper is to present the results of the application of our computer assisted electrophysiological techniques for the quantitation of the number of motor units in the extensor digitorum brevis (EDB) muscle (Ballantyne and Hansen, 1974a) along with the measurements of the parameters of the surviving and electrically evoked motor unit potentials (MUPs) in the same muscle by a computer subtraction method (Ballantyne and Hansen, 1974b) . Fastest motor nerve conduction velocities (FMNCVs) and shortest distal motor latencies (SDMLs) in the lateral popliteal nerves were also measured. The values obtained and their correlations are discussed in terms of the underlying pathophysiology of the condition. Where appropriate, comparisons are drawn with the values that we have previously reported in a number of peripheral neuropathies.
Methods
The composition and placement of the surface recording electrodes over the EDB muscle, the properties of the stimulating electrodes over the anterior tibial nerve at the ankle, and the details of the rate and strength of stimulation used to evoke motor unit potentials have been described (Ballantyne and Hansen, 1974a) . The amplifica-tion and display systems, the computer handling of data for the estimation of motor unit numbers in the EDB muscle, and the computer derivation of the parameters of the electrically evoked motor unit potentials have also been reported (Ballantyne and Hansen, 1974a, b (Ballantyne and Hansen, 1974b (Table 2 ).
Discussion
The age-matched control subjects in this investigation have a higher mean age than control groups we have used in the past Hansen, 1974a, b, c, 1975; Hansen and Ballantyne, 1977; Martinez-Figueroa et al., 1977) . In the present control group we have noted minor changes in the electrophysiological parameters compared with our younger controls and the appearance of correlations not present in the latter (Table 3) . Since these changes influence the interpretation of the results in the patients with motor neurone disease, a short consideration of the findings in the present control group is necessary. Ballantyne, , 1978 . The qualitative similarity of the findings in control subjects with the results in the neuropathies supports the presence of a progressive neuropathic process with advancing years in normal subjects, particularly over the age of 60 years (Harriman et al., 1970; Kaeser, 1970; Dyck et al., 1972; Campbell et al., 1973) . These age-dependent changes will be superimposed upon the pathophysiological lesion in the patients with motor neurone disease.
MOTOR UNIT POTENTIAL DURATIONS
In the normal individual the duration of the MUP as measured from surface electrodes is determined by the lengths of the muscle fibres of the motor unit, the propagation velocities of the action potentials of these muscle fibres, the degree of dispersion of the endplate zone of the motor unit, and the differences in conduction time in the intramuscular nerve network of the unit (Ballantyne and Hansen, 1975) . In the normal subject the differences in conduction time through the intramuscular nerve twigs of the motor unit make only a small contribution of the order of 0.5 ms, to the duration of the MUP (Buchthal et al., 1955 (Buchthal et al., , 1957 . In terms of our measurements of MUP duration, the contribution from the neurogenic element-that is, conduction time in intramuscular nerve fibres-represents some 5% of the total duration of the potential. We have, however, drawn attention to the significant increases in the MUP durations that can occur when conduction velocity in the intramuscular nerve twigs is slowed pathologically (Ballantyne and Hansen, 1975; Hansen and Ballantyne, 1977; Martinez-Figueroa et al., 1977) .
In motor neurone disease we have noted that mean MUP duration is not significantly different from the control value ( (Table 4 ). This we believe may be a measure of long collateral sprouting that occurs as the number of motor units becomes markedly decreased.
Our observations on MUP duration using surface recording electrodes would be incomplete without some comment on the values obtained with concentric needle electrodes. An increase in the duration of MUPs so recorded has been widely reported (Kugelberg, 1949; Pinelli and Buchthal, 1953; Desmedt and Borenstein, 1977) . There is, therefore, a discrepancy between the values obtained by surface and the concentric needle electrode recording. The duration of the MUP from concentric needle electrodes is determined by the degree of desynchronisation of the single muscle fibre potentials of the unit, which in turn is dependent on the degree of dispersion of the endplate zones of the muscle fibres, the number of single muscle fibre potentials of the same unit "seen" by the concentric needle electrode, the conduction velocities of the individual muscle fibre action potentials, and a small component determined by the differences in conduction time in the intramuscular nerve fibres (Buchthal et al., 1955 (Buchthal et al., , 1957 Ballantyne and Hansen, 1975) . In motor neurone disease an increase in muscle fibre density occurs (Stalberg et al., 1975 ) and a greater number of muscle fibres of the unit lie within the recording zone of the needle electrode. An increased number of single muscle fibre potentials contribute to the spike potential so recorded. These are less well synchronised, leading to an increase in the duration of the spike potential. The durations of the early and late volume conducted components of the MUPs are also increased because of the increase in number of distant muscle fibre potentials detected by the electrode. These factors give rise to an increase in the duration of the MUP but are dependent on the presence of an increased density of muscle fibres around the concentric needle electrode. Similar factors are believed to be responsible for the increased duration of the MUP in elderly patients (Sacco et al., (Ballantyne and Hansen, 1975; Gydikov, 1976) , and the durations of the potentials so recorded are relatively unaffected by muscle fibre density.
MOTOR UNIT POTENTIAL AREAS
The mean area of the potentials of surviving motor units in patients with motor neurone disease is increased considerably (Table 1, Fig. 2 ), compatible with an increase in the muscle fibre content of surviving units, presumably by a process of collateral reinnervation (Wohlfart, 1958; Butler et al., 1977) . The capacity for reinnervation by surviving units in motor neurone disease appears to be considerable and very much in excess of that we have noted in diabetic, renal, or GuillainBarre neuropathies (Table 5 ). Motor unit potential area is correlated negatively to motor unit number (Table 2 ). Mean MUP areas show a progressive rise as the motor unit numbers fall, reaching highest values when 7-17 units remain in the muscle (Fig. 3) , at which point MUP areas are almost four times greater than the mean control value. The supramaximally evoked muscle action potentials in the EDB are well maintained near the control value until the motor unit number has fallen to less than 50% of normal (Fig. 3) (Fig. 3) . The efficiency of reinnervation by long collateral sprouts is probably time dependent and related to the time available for reinnervation before the reinnervating unit itself becomes non-viable. It is possible, for instance, that in the more slowly progressing spinal muscular atrophies, sufficient time is available to allow more complete reinnervation from long collateral sprouts. This would lead to motor units of very much greater territorial areas and MUP durations than we have found in motor neurone disease. The greatly dispersed MUPs noted by Desmedt and Borenstein (1977) in the spinal muscular atrophies would be compatible with this hypothesis.
FASTEST MOTOR NERVE CONDUCTION VELOCITIES AND MOTOR UNIT NUMBERS
The motor unit number in the EDB muscles of patients with motor neurone disease is correlated positively with FMNCV and negatively with SDML (Table 2) . These correlations are open to several interpretations:
1. The loss of motor units in the EDB muscle is a consequence of a random process affecting fast, medium, and slowly conducting axons, and is accompanied by a fall in the FMNCV and an increase in the SDML because of the loss of the fastest conducting axons. 2. The fall in motor unit numbers is a consequence of a preferential loss of motor units with fast conducting axons and a corresponding reduction in the FMNCV and a rise in the SDML. 3. The reduction in motor unit numbers as in (1) or (2) above is accompanied by pathological slowing of conduction in surviving motor axons, and these changes are independent or interdependent indices of the disease state in these patients.
In our studies of the Guillain-Barre neuropathy (Martinez-Figueroa et al., 1977) and diabetic neuropathy we have shown that pathological slowing of conduction in motor axons leads to significant prolongation of the durations of the potentials of surviving motor units. If we compare the mean values for motor unit numbers, FMNCVs and MUP durations in our patients with diabetic neuropathy and those with motor neurone disease (Table 6) , we find that for a similar mean number of surviving motor units, the mean FMNCV is significantly reduced and the mean MUP duration significantly increased in diabetic neuropathy. The normal mean MUP duration in motor neurone disease indicates that the intramuscular nerve twigs are conducting at normal rates, and that the conduction velocities in the parent motor axons are not pathologically depressed. The fall in conduction velocity indicated by the correlation between FMNCV and motor unit numbers is not, therefore, a consequence of pathological slowing of conduction, but is caused by the loss of axons of fastest conduction velocity, as in (1) or (2) (Liversedge and Campbell, 1974; Rose, 1977) . We felt that it would be of interest to separate our patients into these two groups to attempt to uncover differences in pathophysiology, and the results are summarised in 
